Surfactant protein D (SP-D) plays a role in innate immunity in the lung and is expressed at many other mucosal surfaces throughout the human body. In this study, we show that SP-D mRNA and protein are present in the murine female reproductive tract; i.e. in the vagina, cervix, uterus and oviduct. SP-D protein is primarily localized to epithelial cells lining the genital tract and is also present in secretory material within the lumen of the uterus and cervix. The levels of SP-D mRNA in the uterus vary by a factor of 10 during the estrous cycle with peak levels present at estrus and the lowest levels at diestrus. In contrast, SP-D mRNA levels in the lung do not change during the estrous cycle. Since SP-D is an innate host defense protein present in the mouse reproductive tract, we studied the influence of infection on SP-D levels in vivo. We found that Chlamydia muridarum infection caused an increase in the SP-D protein content of reproductive tract epithelial cells. These data are suggestive that SP-D may play a role in innate immunity in the female reproductive tract in vivo.
Introduction
Surfactant protein D (SP-D), a member of the collectin family of proteins, was first described in the lung (Persson et al., 1989) . Collectins are a family of innate immune system proteins that bind to carbohydrates present on pathogens, in the presence of calcium (Crouch et al., 2000) . SP-D has been shown to play a key role in innate host defense mechanisms in the lung (Wright, 1997) . SP-D can function as an opsonin by binding to carbohydrates present on bacterial surfaces and has been shown to enhance the phagocytosis and killing of lung pathogens such as Pseudomonas aeruginosa and Klebsiella pneumoniae in vitro (Restrepo et al., 1999; Ofek et al., 2001) . In contrast, SP-D can block the uptake of certain pathogens, such as Mycobacterium tuberculosis and Candida albicans, into macrophages (van Rozendaal et al., 2000; Ferguson et al., 2002) . SP-D has antimicrobial activity and directly inhibits the growth of several strains of Escherichia coli, K. pneumoniae and Enterobacter aerogenes by increasing cell membrane permeability (Wu et al., 2003) . Recently, it has been demonstrated that SP-D can modulate the adaptive immune response in the lung (Borron et al., 2002) .
SP-D mRNA and protein have been shown to be present at many sites throughout the body, generally at mucosal surfaces (Madsen et al., 2000; Stahlman et al., 2002) . Immunoreactive SP-D protein has been localized in the human female reproductive tract including in the uterus, ovaries and placenta (Madsen et al., 2000; Stahlman et al., 2002; Leth-Larsen et al., 2004) . We recently reported that SP-D mRNA and protein are present in the human cervix, uterus and oviduct (Oberley et al., 2004) . SP-D mRNA and protein have also been detected in the uterus and ovary of the mouse (Akiyama et al., 2002) .
The female genital tract is in contact with the outside environment and thus potentially exposed to a variety of pathogens. However, relatively little is known about the innate immune system in the female reproductive tract (Wira and Fahey, 2004) . The epithelial cells that line the female reproductive tract secrete defensin 5, an antimicrobial peptide that disrupts bacterial membranes (Quayle et al., 1998) . It is also known that cervical glands produce several antimicrobial factors including lactoferrin, lysozyme and secretory leukoprotease inhibitor (Cohen, 1999) .
Chlamydia trachomatis is a pathogen that can infect the female reproductive tract, the eye and the lung (Washington et al., 1987; Schachter, 1999) . Women infected with this bacterium in the reproductive tract can develop pelvic inflammatory disease and scarring of the Fallopian tubes, conditions that can lead to infertility (Mardh and Svensson, 1982) . Mothers who are infected with C. trachomatis are at risk for premature delivery and can infect their newborn infant with Chlamydia during parturition (Harrison et al., 1983) . It has been shown that another collectin, mannose-binding protein (MBP), can inhibit the infection of endocervical epithelial cells (HeLa cells) by C. trachomatis in vitro (Swanson et al., 1998) . However, while MBP is present in serum, it is not produced within the female reproductive tract (Swanson et al., 1998 (Oberley et al., 2004) . On the basis of the results of these studies, we hypothesized that SP-D binds to carbohydrates present on the surface of the Chlamydia and in this way sterically hinders Chlamydia from attaching to HeLa cells (Oberley et al., 2004) .
In the present study, we demonstrate that SP-D mRNA and protein are present in the epithelial cells of mouse female reproductive tissues, except in the ovary. The levels of SP-D mRNA in the uterus vary by a factor of 10 during the estrous cycle with the highest amounts present during the estrous phase of the cycle. We also show that female mice infected with Chlamydia contain increased amounts of SP-D protein in the reproductive tract. These data are suggestive that SP-D in the female reproductive tract may be involved in innate immunity in vivo.
Materials and Methods

Animal husbandry
Female, virgin, Swiss Black mice, obtained from Taconic Laboratories, were housed in the Animal Research Facility at the University of Iowa following an institutionally approved protocol. The protocol was also approved by the institutional ethics committee. The mice were housed under controlled conditions of 12 h of light followed by 12 h of darkness and were allowed food and water ad libitum.
Estrous cycle determination
The female mice were maintained under lighting conditions such that at 6:00 lights were on and at 18:00 the lights were turned off. The vaginal smears were performed between the hours of 10:00 and 12:00. The protocol used for estrous cycle determination is similar to previously described methods (Marcondes et al., 2002; Hubscher et al., 2005; Lee and Jeung, 2007) . Briefly, using a small cotton swab pre-moistened in sterile phosphate buffered saline (PBS), the vaginas of female mice (aged 2 -4 months) were swabbed and the collected material smeared onto a glass slide. After the slides dried, they were immediately stained with 0.1% methylene blue for a few seconds and subsequently rinsed twice with tap water. Slides were then coverslipped and viewed using a light microscope. The cytology of the smear was used to establish the stage of the estrous cycle for each animal. Proestrus was identified by the presence of large numbers of nucleated epithelial cells with occasional polymorphonuclear leukocytes (PMNs) and cornified epithelial cells. Estrus was characterized by the predominance of cornified, non-nucleated epithelial cells in the smear. Finally, diestrus was identified by widespread PMNs with sporadic epithelial cells. The mice were sacrificed when they had reached the desired stages of the estrous cycle and the reproductive tract was dissected and tissues collected for analysis. Mice used in this study were all actively cycling over the assessment period.
Inoculation of mice with Chlamydia muridarum
Mice were infected with the mouse pathogen, C. muridarum (MoPn) Weiss strain. A week before inoculation with the Chlamydia, the female mice were injected with 2.5 mg of Depo Provera (Pharmacia, Kalamazoo, MI, USA), in order to provide a consistent and high infection rate (Cotter et al., 1997; Rank, 1999) . Seven days after treatment with Depo Provera, the mice were anesthetized, and placed on their backs. Ten microlitres of MoPn (10 4 inclusion forming units, IFU) in PBS were placed in the vaginal vault using a micropipetter with a gel-loading tip. As a control, animals were sham inoculated with sterile PBS. Seven days after inoculation, reproductive tissues were harvested and analysed. In order to verify infection, cervical-vaginal swabs were collected in all mice at Day 7 post-infection and C. muridarum was isolated, inclusions visualized by indirect immunofluorescence and quantitated as inclusion-forming units in HeLa 229 cultures as previously described (Ramsey et al., 1999) .
Immunostaining of reproductive tissues
Mouse reproductive tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The tissue blocks were sectioned (7 mm thick), deparaffinized in xylenes and then rehydrated serially in 100, 95, 75 and 50% ethanol. For antigen retrieval, the slides were boiled in 0.1 M sodium citrate, pH 6.0, for 10 min and then cooled for 20 min. The slides were then rinsed in PBS and endogenous peroxidase activity quenched by incubating in 0.3% H 2 O 2 in PBS for 30 min. Sections were rinsed with PBS and blocked by incubating in normal serum (1.5%) for 20 min, followed by incubation in a SP-D polyclonal primary antibody (rabbit anti-mouse SP-D, Chemicon, Temecula, CA, 1:1000) at 48C overnight. For negative controls, slides were incubated overnight with normal IgG instead of the primary antibody. The slides were rinsed in PBS and incubated in secondary antibody (anti-rabbit IgG conjugated to biotin, Cappel, Aurora, OH, USA) for 30 min at room temperature. Slides were rinsed, incubated in Vectastain ABC reagent (Vector Labs, Burlingame, CA, USA) for 1 h at room temperature, rinsed again in PBS and then incubated in diaminobenzidine (0.7 mg/ml) as substrate. After a final PBS rinse followed by a H 2 O rinse, the sections were counterstained with hematoxylin, dehydrated and mounted using Permount. As a positive control for the SP-D staining, adult mouse lung tissue sections were also immunostained using the SP-D antibody.
Immunoblot analysis
Reproductive tissues were harvested and snap frozen in liquid nitrogen. The tissues were then homogenized in the proteinase inhibitor phenylmethylsulfonyl fluoride (1 mM), centrifuged at 600 x g and the supernatant collected. Protein content was determined using Bradford analysis (Bradford, 1976) . Equal amounts of homogenate protein were separated by gel electrophoresis on 10% Tris-HCl polyacrylamide gels. The proteins were transferred electrophoretically at 100 V to nitrocellulose membranes and then placed in 7% non-fat dry milk diluted in 0.1% TNT (0.02 M Tris, 0.15 M NaCl, 0.1% Tween 20) overnight to block non-specific binding. The membranes were subsequently incubated with rabbit anti-SP-D primary antibody (Chemicon) at a dilution of 1:1000 for 1 h at room temperature, then washed in 0.1% TNT, three times, at 15 min per wash. The blots were incubated with a secondary antibody (anti-rabbit IgG conjugated to horseradish peroxidase, 1:10 000 (Cappel)) for 45 min at room temperature, then washed in 0.1% TNT three times at 15 min per wash and finally incubated with enhanced chemiluminescence solution (Amersham, Buckinghamshire, UK) followed by exposure to X-ray film. To confirm equal protein loading, the nitrocellulose membranes were stained with amido black.
Real time RT-PCR analysis
RNA was isolated from mouse reproductive tissues by homogenizing the tissues in Trizol (Invitrogen, Carlsbad, CA, USA). Total RNA was extracted using chloroform and precipitated with ice-cold isopropanol. The resulting pellet was resuspended in water and quantitated by determining the absorbance at 260 nm. The quality of the RNA was determined by determining the ratio of the absorbance read at 260-280 nm (A 260 :A 280 ), RNA quality was further assessed by separating the RNA on an agarose gel. Two micrograms of total RNA from each sample was then reversed transcribed. The resulting cDNAs were diluted (1/50) and replicates for each sample were aliquoted for real time polymerase chain reaction (PCR) analysis using a Stratogene Mx 3000P instrument. Primers and 6-carboxy-fluorescein (FAM)-labeled probes for mouse SP-D and 18S rRNA (a house-keeping gene) and Universal Taqman master mix were purchased from Applied Biosystems, Inc. (ABI, Foster City, CA, USA). Relative SP-D mRNA levels were assessed by the comparative quantitation method and calculated differences in mRNA expression were determined according to the manufacturer User Bulletin 2 (10/2001, ABI systems, Foster City, CA, USA). As a control, the threshold cycle (CT) values obtained from adding increasing amounts of RNA with either SP-D primers or 18S primers were plotted. The two primer sets produced parallel curves with similar slopes.
Statistics
All data were derived from at least three experiments. The data were analysed by one-way analysis of variance followed by either Student-Newman-Keuls or Dunn's Multiple Comparisons.
Results
SP-D mRNA and protein are present in the mouse female reproductive tract
We have previously demonstrated that SP-D mRNA and protein are present in the human female reproductive tract (Oberley et al., 2004) . In order to determine the relative levels of SP-D mRNA expressed in the mouse female reproductive tract, comparative real time RT-PCR was performed on mRNA from ovary, oviduct, uterus, cervix, vagina and lung tissues collected from female Swiss Black mice (Fig. 1) . All of the animals were in the proestrous stage of the estrous cycle. SP-D mRNA was detected in all of the tissues; however, the relative amount of SP-D mRNA varied (Fig. 1) . The oviduct had the highest relative amount of SP-D mRNA in the female reproductive tract, whereas the uterus, cervix and vagina contained smaller and similar amounts of SP-D mRNA (Fig. 1) . The female reproductive tissues had less SP-D mRNA than the lung, i.e. SP-D mRNA content in the oviduct was 4% of the content in the lung (Fig. 1) . Very low amounts of SP-D mRNA were detected in the ovary. Immunoblot analysis of unstaged tissues showed that SP-D protein was present throughout the female mouse genital tract except in the ovary (Fig. 2) . In agreement with the SP-D mRNA observations, the level of SP-D protein present in the mouse female reproductive tract organs was much less than in mouse lung (Fig. 2) .
Immunostaining was performed on paraffin-embedded mouse unstaged reproductive tissues in order to localize the SP-D protein (Fig. 3) . SP-D was present in the epithelium of the oviduct (Fig. 3A) . SP-D was also observed in the epithelium of the uterine endometrium and endometrial glands and in the epithelium of the vagina and the cervix (arrows, Fig. 3B -D) . Immunoreactive SP-D protein was detected in secretory material present in the lumen of the oviduct, uterus and cervix (asterisks, Fig. 3A -C) . However, there was essentially no SP-D immunostaining within the ovary (data not shown).
SP-D expression varies during the estrous cycle
The structure and function of the epithelium in the female reproductive tract changes during the estrous cycle in response to hormonal stimuli. Therefore, we investigated the expression of SP-D in the reproductive tract as a function of the stage of the estrous cycle. Swabs of the vaginal-cervical region were obtained from 20 animals, transferred to glass slides, stained and classified as to stage of the estrous cycle. On the basis of the cytology of the smears, animals were classified as being in proestrus, estrus or diestrus (data not shown). Since the uterus undergoes the most dramatic structural changes in response to hormone levels, we decided to investigate SP-D expression levels in the uterus during different stages of the estrous cycle. Uteri and lungs were then collected from the staged animals and assayed for SP-D mRNA content using real time RT-PCR. As shown in Fig. 4 , the levels of SP-D mRNA were significantly higher at estrus than at proestrus or diestrus (Fig. 4A) . In contrast, the levels of SP-D mRNA in the lung did not vary with the phase of the cycle (Fig. 4B ). 
Chlamydial infection increases SP-D protein production
Since SP-D has been shown to be involved in innate immunity in the lung, we were interested in determining if SP-D might also play a role in innate immunity in the female reproductive tract. Female mice were inoculated with C. muridarum (MoPn) or with PBS as a control and their cervices were harvested 7 days later and analysed for SP-D protein content (Fig. 5) . Infection was confirmed at Day 7 postinfection by culture of collected cervical -vaginal swabs in HeLa 229 monolayers. The mean IFU isolated per infected mouse was approximately 10 5 (data not shown). In this well-established model of chlamydial infection, it has been shown that the vagina, cervix, uterus and parts of the oviduct routinely become infected 7 days post-infection (Darville et al., 1997; Morrison and Morrison, 2000) . The amount of SP-D protein increased in the cervix of mice infected with Chlamydia as compared to mice that were sham infected. (Fig. 5A) . Immunostaining confirmed that the cervical epithelium in chlamydial-infected animals stained more intensely for SP-D protein than the cervical epithelium in sham-infected mice (Fig. 5B, a and   b ). SP-D protein expression was also increased in the uterus in response to infection (Fig. 5B, c and d) .
Discussion
In the present study, we demonstrate that SP-D mRNA and protein are present throughout much of the murine female reproductive tract. Specifically, SP-D protein is localized to the epithelium of the vagina, cervix, uterus and oviduct. The ovary contained almost no SP-D mRNA or protein. It is noteworthy that the ovary is not as exposed to the outside environment, as other parts of the reproductive system, and may require less protection against pathogens.
SP-D is a component of innate immunity in the lung and we hypothesize that it may play a similar role in the female reproductive tract. Several components of innate immunity in the human reproductive tract, including the defensins, have been shown to vary their expression patterns during the menstral cycle (King et al., 2003) . SP-D mRNA levels in the uterus varied 10-fold during the estrous cycle. In humans, the results of numerous clinical studies are suggestive that the sex hormones influence susceptibility to reproductive tract infections by many pathogens, including Chlamydia (Sonnex, 1998) . In addition, women treated with oral contraceptives have been shown to have increased susceptibility to infection by Chlamydia (Washington et al., 1985) . In mice, it is difficult to infect the female reproductive tract with Chlamydia during the estrous stage of the reproductive cycle (Ito et al., 1984) . It is also difficult to infect ovariectomized mice with Chlamydia if they have been treated with estradiol (Kaushic et al., 2000) . In the present study, we treated mice with progesterone because it caused the mice to be more susceptible to chlamydial infections. Interestingly, progesterone treatment arrests the animals in diestrus, which is also the stage where uterine SP-D levels are lowest. Thus, these observations imply that SP-D may be involved in innate defense against chlamydial bacteria.
Since estrogen levels peak late in proestrus, the observation that SP-D mRNA levels are highest during the estrous phase of the reproductive cycle in the mouse is suggestive that sex hormones, in particular estrogen, may regulate SP-D gene expression. During estrus there are very few neutrophils present within the lumen of the reproductive tract. However, in the following phase of the cycle, diestrus, many neutrophils are observed. SP-D is a known chemoattractant for neutrophils (Cai et al., 1999) . Therefore, we speculate that a surge of SP-D during estrus may be related to the increased number of neutrophils present in diestrus.
Mice that are infected with MoPn in vivo increase SP-D protein production in the cervix and uterus; these results are suggestive that SP-D may be involved in host defense against chlamydial infections. Other investigators have observed that infection of the lung with Pneuomocystis carinii caused an increase in expression and accumulation of SP-D protein in lung lavage fluid; however, the mechanism by which infection results in upregulation of SP-D remains unknown (Atochina et al., 2001) .
Because SP-D protein production is increased with chlamydial infections, we hypothesize that SP-D may play a role in fighting chlamydial infections. We have shown that SP-D binds to chlamydial proteins in vitro via its carbohydrate-binding domain and reduces Chlamydia infection of reproductive tract epithelial cells in vitro (Oberley et al., 2004) . It is known that SP-D, at high concentrations, can directly kill some bacteria via membrane permeation (Wu et al., 2003) . SP-D can also help to clear bacterial infections by acting as an opsonin to promote phagocytosis of pathogens by macrophages and neutrophils. Recently, SP-D has been shown to interact with the adaptive immune system. SP-D has been shown to enhance bacterial antigen presentation to dendritic cells, which then present the antigens Figure 4 : SP-D mRNA levels in the uterus and lung during the estrous cycle Vaginal-cervical swabs were obtained from 20 female mice and used to identify their stage of estrus. SP-D mRNA levels were then determined in the uterus and lungs of the staged mice. SP-D mRNA levels were normalized to the level of 18S rRNA present in each sample. The levels of SP-D mRNA in the uterus varied significantly during the estrous cycle with the highest levels present at estrus (n ¼ 5) and the lowest levels present at diestrus (n ¼ 7) (A). Asterisks denote a significant difference in SP-D levels in the estrous phase as compared to both proestrus and diestrus (P , 0.01, A). The levels of uterine SP-D mRNA during proestrus (n ¼ 8) did not differ significantly from SP-D mRNA levels in diestrus. In contrast, the levels of SP-D mRNA in the lung did not vary with the stage of the estrous cycle (B). The data represent the mean plus or minus the standard error of the mean to T cells, and in this way activate the adaptive immune response (Brinker et al., 2001) . Therefore, SP-D may activate the adaptive immune system in the female reproductive tract when it comes in contact with Chlamydia and this may aid in efficiently resolving an infection in vivo.
In the present study, we found that SP-D, an innate immune system protein, is produced in the female reproductive tract, specifically in its mucosal lining. Within the reproductive tract, the highest levels of SP-D mRNA were present in the oviduct. The levels of SP-D in the uterus vary significantly during the estrous cycle. We demonstrate that chlamydial infection produces an increase in SP-D protein production, data suggestive that SP-D may be involved in innate immunity. We hypothesize that SP-D may act in a variety of ways to aid in the clearance of Chlamydia. SP-D may block infection of epithelial cells by the organism, directly kill the bacteria, and/or activate the adaptive immune system. These data are the first to suggest a function for SP-D protein in the female reproductive tract in vivo and one of the first studies to indicate the potential importance of innate immunity in defending against chlamydial infections.
